Highlights 8  The freshwater provisioning ecosystem service is influenced by water management 9  Water resources management models capture this better than ecosystem service tools 10  We link hydrologic, water allocation and water quality models to assess the service 11  They fit temporal and spatial details of ecological processes and water management 12 Abstract 13 Freshwater provisioning by the landscape contributes to human well-being through water use for 14 drinking, irrigation and other purposes. The assessment of this ecosystem service involves the 15 quantification of water resources and the valuation of water use benefits. Models especially designed 16 to assess ecosystem services can be used. However, they have limitations in representing the delivery 17 of the service in water scarce river basins where water management and the temporal variability of 18 water resource and its use are key aspects to consider. Integrating water resources management 19 tools represents a good alternative to ecosystem services models in these river basins. We propose 20 a modelling framework that links a rainfall-runoff model and a water allocation model which allow 21 accounting for the specific requirements of water scarce river basins. Moreover, we develop a water 22 tracer which rebounds the value of the service from beneficiaries to water sources, allowing the 23 spatial mapping of the service. 24
Introduction
Integrated Water Resources Management paradigm (Global Water Partnership, 2000) . Even though In the first place, meteorological data and hydrologic features are used to run the RRM, which 144 provides runoff time series for all the water sources in the basin (i.e. sub-watersheds and aquifers). 145 This requires the RRM to be spatially distributed or semi-distributed and to explicitly consider surface 146 and groundwater components. For the purpose of analysing the impact of land use change scenarios 147 on the FPS, it is advisable to use a physically based model (or at least a conceptual model) that allows 148 translating landscape changes into parameters changes in a straightforward way. Furthermore, the 149 spatial resolution of the model should be defined in agreement with the purpose of the assessment. 150 Regarding the time step, since the purpose of the RRM here is not the obtaining of hydrographs but 151 the assessment of available water resources, the month is regarded as convenient in terms of the 152 representation of the seasonal variability of flows. The monthly step is also suitable to analyse most 153 water management problems (Dyck, 1990) . The WAM uses the RRM results and simulates the water 154 flows along the regulated river system, considering the infrastructures and water management 155 influence. The relevant outcomes for the presented framework are the time series of water supplied 156 to each water use. The selection of the WAM depends on the data availability and the purpose of the able to represent common water management strategies such as water supply priorities and 159 operation rules. 160 Once the water resources are allocated, economic functions are used to assign a value to the use of 161 water. According to Momblanch et al. (2016) , production-based valuation methods should be used 162 when the valued ES is a factor of production for a good or service traded on the market, while the 163 aggregated willingness-to-pay is applied to establish the economic value of services that are goods 164 whose market price does not include the impact of use on their availability for other users and the 165 environment. In line with this, the marginal residual value of water for production is used to define 166 the economic value of water for uses like agriculture and industry, whereas the aggregated 167 willingness-to-pay is applied to establish the economic value of water for urban supply, recreation, Since the water supplies provided by the WAM have a monthly step, they are yearly accumulated to 177 be compatible with the demand curves. The annual benefit resulting from the demand curves for 178 each water use is then temporally distributed according to the monthly water supply. The total Area ABCDE = Gross benefit monthly benefit provided by the FPS in the whole river basin is calculated as the sum of the monthly 180 benefits of all water uses. These results are helpful when analysing different water management 181 strategies. 182 In order to evaluate catchment management actions, it is relevant to know the contribution of each 183 water source to the global FPS benefit. In a non-regulated river basin, the best option would be 184 sharing the FPS benefit as per the fraction of total water resources that each water source generates. 185 However, the existence of infrastructures for storage and conveyance of water strongly affects the 186 natural flow patterns and the proportional sharing of the benefits may not be realistic. For the spatial 187 mapping of the service in water scarce river basins, the modelling framework accumulates the ES 188 benefit per water source according to the fraction of the water supply that they provide to each 189 demand. The relationship between the watershed or aquifer producing the water resource and the 190 final water use which gives an economic value to the water supplied is not easily obtainable. As water 191 is routed along the river network, reservoirs and canals by the WAM, it mixes and it is not possible 192 to trace its origin in the landscape. The proposed FPS modelling framework makes use of a water 193 tracer (see Figure 3 ) based on the iterative execution of mass balance simulations, considering the 194 movement of water along the river system resulting from the WAM. To do so, a fictitious conservative 195 pollutant (C) that is only affected by the convection driven by the water movement is defined using 196 a mechanistic water quality model. 
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It is necessary to run one simulation per water source. In each simulation, the concentration of the 200 fictitious pollutant equals to 0 in the water generated by all sources (C k ), except for the water source 201 analysed in that specific execution of the tracer (i) for which the concentration equals to 1 (C i ). Given 202 that the pollutant is conservative, its concentration only varies due to dilution in water with a 203 different pollutant concentration. In this case, concentration changes when water from the analysed 204 source is mixed with water coming from other sources. Therefore, the concentration of the fictitious 205 pollutant in the water withdrawn by a water use (C i d') is equivalent to the fraction of the water supply 206 to this water use originated in the analysed water source. This value should be recalculated for uses 207 receiving pumped water since it does not get mixed with other water sources and its concentration 208 remains constant, as opposed to groundwater runoff which propagates along the river system. In the 209 case that water returns from water uses exist, part of the water resources generated by the sources 210 upstream the use producing the return can be used more than once. Hence, it is necessary to conduct Considering the baseline conditions for land use and water management in the TRB, the Tormes 309 headwaters sub-watershed produces the largest water volume that represents 72.7% of the total 310 water resource generation on average, followed by the Snow melting sub-watershed with 24.4% of 311 water production, the Middle tributaries that supply 1.6% of total runoff, and the Lower tributaries 
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As shown in Figure 11 , the effect of the land use change on the water supply is that supply deficits in 339 1980 and 1981 are null or nearly zero. This is due to the fact that the water resources of the Tormes 340 headwaters are generated upstream all water demands and, thus, they benefit from more water 341 available. If the annual water supply varies, the economic value of the FPS also changes ( Figure 12 ). 342 In this scenario, the value of the service in 1980 and 1981 increases with respect to the baseline 343 situation, being the augmentation of 4.2M€ and 0.3M€ in 1980 and 1981, respectively. The 344 distribution pattern of water resources along the river system is also affected by the increase in the 345 Tormes headwaters production, and so is the fraction of water that reaches each water use from scenario, the only water use with an acceptable level of water supply with respect to its demand is 360 Salamanca City because it has a high supply priority. On the contrary, the irrigation uses barely get 361 to 40% of their annual demand most of the time. (Figure 16 ). Finally, the Lower tributaries play a minor role given 390 that they are located at the end of the system and can only be used by the Lower irrigation demand. The scenario analysis demonstrates the high influence that water management has on the FPS. The 397 level of detail and accuracy that the WAM provides regarding water infrastructures (e.g reservoirs 398 and transport networks) and management rules (e.g. supply priorities and inter-annual regulation) 399 cannot be obtained with the existing ES tools. The last scenario is probably the most interesting since 400 it clearly shows the influence of water management and temporal variability on the delivery of the 401 service, which is precisely the advantage of using IWRM models for freshwater ES assessment instead 402 of ES tools as pointed in the introduction. 403 The comparison across scenarios and along time in each scenario, reveals that the value of the service 404 falls when the water supply decreases. This fact can be confusing, given that the economic theory 405 states that when a resource becomes scarce, its value increases. As reflected by the demand curves 406 in Figure 6 , the unitary value of water indeed increases when the supply diminishes. This increase is 407 not constant and, depending on the magnitude of the supply deficit, the total economic value of the 408 water supply may decrease. 409 The monthly time scale appears to be appropriate to capture seasonal variability of water resources 410 (see Figure 8 ), water demands and their interaction (see Figure 15 ). In fact, some of the analysed 411 aspects in the application to the TRB would have been disguised had the time step been larger. A 412 clear example is the occurrence of the lowest economic value of the FPS in scenario 3. Had the 413 simulations been performed at annual scale, it would have occurred in 1980 since the annual gap between water availability and demand is the largest. However, the monthly mismatch between 415 water availability and demand is higher in 1990. Finally, the water tracer ensures that the mapping 416 of the results reflects the real contribution of each watershed to the value of the FPS, including cases 417 in which there are returns from demands. Although not applied in the case study for the sake of 418 simplicity, the possibility to represent the effect of inter-basin water transfers that modify the natural 419 movement of water along the river system or groundwater recharge, regulation and exploitation is a 420 valuable aspect of the proposed modelling framework. 421 Some difficulties or limitations for the application of this methodology come from data acquisition. 422 Demand functions are the most rigorous way to conduct a marginal economic valuation. However, 423 they are not commonly produced due to the cost of the required studies; and, if generated, they are 424 aggregated at regional scale, instead of detailed for each water use. It is important to notice that R.J., Sharma, N., Tallis, H., Thaman, R., Watson, R., Yahara, T., Hamid, Z.A., Akosim, C., Al-Hafedh, Y., Allahverdiyev, R., Amankwah, E., Asah, S.T., Asfaw, Z., Bartus, G., Brooks, L.A., 531 Caillaux, J., Dalle, G., Darnaedi, D., Driver, A., Erpul, G., Escobar-Eyzaguirre, P., Failler, P., 532 Fouda, A.M.M., Fu, B., Gundimeda, H., Hashimoto, S., Homer, F., Lavorel, S., Lichtenstein, G., 533 Mala, W.A., Mandivenyi, W., Matczak, P., Mbizvo, C., Mehrdadi, M., Metzger, J.P., Mikissa, J.B., 534 Moller, H., Mooney, H.A., Mumby, P., Nagendra, H., Nesshover, C., Oteng-Yeboah, A.A., Pataki, 535 G., Roué, M., Rubis, J., Schultz, M., Smith, P., Sumaila, R., Takeuchi, K., Thomas, S., Verma, M., Maes, J., Liquete, C., Teller, A., Erhard, M., Paracchini, M.L., Barredo, J.I., Grizzetti, B., Cardoso, A., 589 Somma, F., Petersen, J.-E., Meiner, A., Gelabert, E.R., Zal, N., Kristensen, P., Bastrup-Birk, A., 590 Biala, K., Piroddi, C., Egoh, B., Degeorges, P., Fiorina, C., Santos-Martín, F., Naruševičius, V., 591 Verboven, J., Pereira, H.M., Bengtsson, J., Gocheva, K., Marta-Pedroso, C., Snäll, T., Estreguil, 592 C., San-Miguel-Ayanz, J., Pérez-Soba, M., Grêt-Regamey, A., Lillebø, A.I., Malak, D.A., Condé, S., 
